tested with data from 59 studies including normal sul)jects anid patients with obesity and(or) various forms of hyperlipoproteinemia. Good fits were obtained in all cases, and the estimated parameter values and their uncertainties for 13 normolipemic nonobese subjects are presented. Sensitivity testing was carried out to determine how critical various parameter estimations are to the assumptions introduced in the modeling.
A B S T R A C T A model for the synthesis and degradation of very low density lipoprotein triglyceride
in man is proposed to explain plasma VLDL-TG radioactivity data from studies conducted over a 48-h interval after injection of glycerol labeled with I"C, 3H, or both. The curve describing the radioactivity of plasma VLDL triglycerides reaches a maximum at about 2 h, after which the decay is biphasic in all cases; the late curvature becoming evident only after [8] [9] [10] [11] [12] h. To fit the complex curve, it was necessary to postulate two pathways for the incorporation of plasma glycerol into VLDL-TG, one much slower than the other. A process of stepwise delipidation of VLDL in the plasma compartment, previously proposed for VLDL apoprotein models, was also necessary. Predicted VLDL-TG synthesis rates calculated with this model can differ significantly from those based on experiments of shorter duration in which the slow VLDL-TG component is not apparent. The results of these studies strongly support the interpretation that the late, slow component of the VLDL-TG activity curve is predominantly due to the slowly turning-over precursor compartment in the conversion pathway and is not due either to a slow compartment in the labeled precursor, plasma free glycerol, or to an exchange of plasma VLDL-TG with an extravascular compartment. It also cannot, in these studies, be attributed to a slowly turning-over VLDL-TG moiety in the plasma. The model was INTRODUCTION A number of methods have been employed for estimating the transport of the triglyceride (TG)' (1, 2) moiety and the protein moieties (3, 4) of very low density plasma lipoproteins (VLDL) in man. Each inethod implies certain assumptions about the physiology of the processes, and the results can be highly sensitive to these assumptions.
One approach for estimating transport of VLDL-TG is to inject labeled TG precursors and to analyze the resulting plasma VLDL-TG specific radioactivity curves. Some investigators (5, 6) have used labeled glycerol as precursor and concluded that the specific activity curve of VLDL-TG, after an initial build-up, decayed essentially as a single exponential over the short duration of their studies. They assumed that the exponenitial rate constant of this early (lisappearance curve could be taken to represent the fractional ' Abbreviationts used itn this paper: apoB, apoprotein B; FCR, fractional catabolic rate; HDL, high density lipoprotein; IDL, initermediate density lipoprotein; LDL, low denisity lipoprotein; TG, triglyceride; VLDL, very low density lipoproteini. catabolic rate (FCR)2 of VLDL-TG. Eaton et al. (7) , Shames et al. (1) , and Quarfordt et al. (8) used labeled FFA as a precursor for VLDL-TG and kinetic curves were analyzed using a compartmental model. In these studies the disappearance curve after the peak did not remain monoexponential and showed a decided decrease in slope beginning at about 8 h. Several compatible models were proposed and examined to account for the observed kinetics. Alternative features considered in these models included two pathways for incorporation of FFA into VLDL-TG, an extravascular compartment exchanging with plasma VLDL-TG, and two VLDL-TG moieties within the plasma ( Fig. 1 and [8] ). The calculated secretion rates of VLDL-TG were shown to be highly dependent on the model used.
Subsequent to the FFA studies of Shames et al. (1) , salient, adjunct studies ofthe turnover and heterogeneity of VLDL labeled in the apoprotein B and C moieties were subjected to rigorous analyses by Phair et al. (9, 10) and Bermai et al. (3) with compartmental models. Features contained in these models included a chain ofVLDL compartments to represent the progressive modification of these plasma lipoproteins (due to the action of lipoprotein lipase) and a slowly turningover plasma VLDL component, especially prominent in patients with Type III hyperlipoproteinemia (10) . A somewhat less analytical discussion of the turnover and heterogeneity ofVLDL apoprotein B (apo B) moiety has been presented by Reardon et al. (11) .
In these studies, radiolabeled glycerol was used as a precursor for VLDL-TG and the kinetics were followed for 48 h, both in normal and hyperlipidemic subjects. 13 normolipemic, nonobese subjects and 46 obese and(or) hypertriglyceridemic subjects were studied. In every case the radioactivity curve after the initial peak showed at least a bi-exponential decay. These studies together with the VLDL-apoB 2Special terms used in this paper: bi, slope of a line tangent to the log of the tracer curve at region i (i = IP designates the inflection point, i = T designates the tail, and i = I, II, III designates the phase of the curve); FCRf, fractional catabolic rate of substance x relative to subsystem i. FCRf = 1ITx (h-'); D1,o delay of component 10 in the TG synthesis pathway (h); Lij, fractional rate of transport of activity or mass to compartment i from compartmentj (h-');
Ljj, fractional rate of irreversible and reversible transport of activity or mass out of compartment j (h-'); LOJ, fractional rate of irreversible transport of activity or mass out of system or subsystem from compartment j (h-'); R.., steady-state transport of substance x to compartment i from compartmentj (mg/h); R,, steady-state transport of substance x out of or into subsystem j (mg/h); Rfj, irreversible and reversible steady-state transport of substance x out of compartmentj (mg/h); Rxj, irreversible steady-state transport of substance x out of a system or subsystem from compartmentj (mg/h); T,, average time substance x resides in subsystem i (h). studies constitute a new body of data that permit a sharper discrimination between the previously proposed models for the synthesis and degradation of VLDL-TG. The proposed model is used to estimate parameter values for normal subjects. Results of this noninvasive technique are compared favorably with more direct techniques, as discussed in our companion paper (12) .
METHODS
Patients. All patients were studied as in-patients under metabolic ward conditions on the Special Diagnostic and Treatment Unit of the Veterans Administration Hospital, San Diego, Calif. Informed consent was obtained from each patient. A total of 59 patients was studied. Of these, 13 were normolipemic and nonobese and results for these subjects are presented here. The other 46 included obese and hypertriglyceridemic nonobese patients. Clinical characteristics of these patients and TG turnover results are presented in our companion paper (12) .
Study design. To insure steady state at the time of study, patients were admitted at least 7 d previously and put on measured weight-maintenance diets (40% of calories as fat [mostly lard], 40% carbohydrate, and 20% protein). These diets before study consisted of solid foods, liquid formula, or a combination of the two. Because studies had to extend 48 h after injection of the labeled glycerol, it was not practicable to have the subjects fasting and probably not desirable, because with prolonged fasting patients are not in a true steady state with regard to lipoprotein levels, and plasma lipoprotein secretion will fall. On the other hand, continuation of their prestudy, fat-containing diet would introduce ambiguities due to the presence of dietary chylomicrons and their degradation products. The solution was to establish a steady state on a regimen of fat-free liquid formula feedings given every 3 h around the clock beginning 36 h before injection of labeled glycerol. The formula provided 1.25 cal/g, 75% of calories as glucose, and 25% as protein (RI-5, Ross Laboratories, Columbus, Ohio). In preliminary studies the formula feedings were started only 12 h before injection and in some of these subjects VLDL-TG levels showed a slight rise during the study. With 36 h of preparation VLDL-TG levels were remarkably constant over the study period. The weight of the patients and their plasma VLDL cholesterol levels were also stable over the 48-h period of the study. The liquid formula intake was calculated to provide 60% of the calories needed to maintain weight during the prestudy period, i.e., the calories from fat were deleted for the reasons given above. This technique, which was developed (13) has been employed recently by Reardon et al. (11) for measuring turnover of apoB. As mentioned, this technique insured constant levels of VLDL-TG throughout the study.
On the day of study, labeled glycerol (New England Nuclear, Boston, Mass.) dissolved in 0.15 M NaCl was injected rapidly via an antecubital vein: [1,3-'4C]glycerol (100 ACi), [2-3H] glycerol (300 ,uCi), or both. Blood samples (7 ml) were drawn into EDTA through an indwelling needle in the opposite antecubital vein at 15 and 30 min and at 1.0, 1.5, 2.0, 2. 5, 4, 5, 6, 7, 9, 11, 13 , and 15h and then every 3-48 h.
Analysis of samples. VLDL was isolated by preparative ultracentrifugation (14) . A known volume of plasma (2-3 ml) was mixed with a solution of sodium chloride of density 1.006 to a total volume of 6 ml in a 6.5-ml cellulose nitrate tube (Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.). Samples were centrifuged for 16 h at 40,000 rpm and 5°C in a Beckman L2-65B preparative ultracentrifuge (40.3 rotor). The top 1.33 ml from each tube was removed quantitatively by tube slicing. This fraction was extracted with 20 ml isopropranol, and phospholipids were removed by adsorption onto zeolite. A portion of the lipid extract was taken for measurement of TG and cholesterol on an Auto-Analyzer II (Technicon Instruments Corp., Tarrytown, N. Y.). The remainder was evaporated and dissolved in toluene phosphor for analysis of radioactivity in a liquid scintillation counter (Mark II, Searle Radiographics Inc., Des Plaines, Ill.)
Numerous experiments were carried out to develop a method to maximize recovery of VLDL-TG for individual samples. This procedure was found to consistently give >95% recovery on individual samples. Each individual value for VLDL-TG, in each set of 25 samples, was corrected by the mean ratio of VLDL-TG per total plasma TG obtained from the 5 samples with the highest ratios, according to this equation: VLDL-TG (on an individual sample) = total plasma TG (on the same sample) x maximum VLDL-TG per total plasma TG. This value corrects for small losses that inevitably occur with some samples during the tube-slicing procedure. The correction assumes that the ratio of VLDL-TG per total plasma TG remains constant throughout the study. Careful examination of all our data has confirmed this assumption.
In several studies the FFA were examined and in no case was there detectable radioactivity.
Analysis of data. The data were analyzed using a linear, first-order compartmental model.3 Such a model can be described mathematically by a simultaneous set of ordinary first-order differential equations vith constant coefficients (15) . The solution of these equations and the adjustment of the model parameters to yield a least-squares fit of the data were carried out with the aid of the Simulation, Analysis, and Modeling (SAAM) computer program (16) . For inpatients subjected to more than one study the parameter values were determined with greater precision because they were arrived at by the simultaneous fitting of all their data.
Weighted averages for population values were determined using the equation
where vi is the variance of the parameter x,, and v3 is the estimated population variance (17) .
RESULTS
Model development. The model proposed for the analysis of the data is based on the features of the kinetic data collected, on steady-state masses of plasma VLDL-TG, and on information previously published (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . A typical activity curve for VLDL-TG is plotted in Fig. 1 as fraction of the injected dose of tracer per milliliter of plasma. It contains three phases:
3For a single compartment model having an input u(t) and a first-order loss process characterized by a constant k, the implied differential equation is: df(t)ldt = -kf(t) + u(t), where f(t) is the amount of substance in the compartment at time t. an early rising phase, a rapidly decaying phase after the peak, and a late, more slowly decaying phase forming the "tail" of the curve. The exact shape varied from subject to subject. The multicompartmiiental model finally arrived at to explain these data is shown in Fig. 2 . It contains three subsystems: the free glycerol precursor subsystem, an intermediate subsystem where the conversion of glycerol to VLDL-TG takes place, and the plasma VLDL-TG suibsystem. The justification for the componenits of each of these subsystems is presented in the following paragraphs. In developing the model, advantage was taken of previous studies of glycerol and plasma lipoprotein kinetics. Malmendier et al. (18) studied the kinetics of intravenously injected glycerol in plasma and found that a two-compartment model fit the data. They showed that about 90% of the glycerol leaving the plasma could be accounted for by conversion to glucose and CO2, which is consistent with the results of these studies which require <10% for TG synthesis. This plasma glycerol model was incorporated (Fig. 2 , compartments 4 and 5) in the present model.
Usually plasma VLDL-TG is modeled as a single compartment. This, however, was found to be inadequate. It was necessary to introduce a stepwise delipidation chain (compartments 1, 6, 7, and 8) and an extra slowly turning-over comnpartment, marked 21, as proposed by Phair et al. (4, 9, 10) . A stepwise delipidation process is supported by earlier data (19) (20) (21) (22) , and more recently from Steiner aind Streja (23 Four compartments were necessary and sufficient to describe the delipidation chain. Each compartment is characterized by two parameters: L6,1 and L4,1, representing, respectively, the fractional rate of transfer of TG to the next lower VLDL product and the fraction leaving the VLDL-TG pool irreversibly. These parameters are assumed to be the same at each of the four steps.
The residence time4 of VLDL particles in the chain, 
and
The total residence time of VLDL-TG in the plasma is a weighted average of times spent in the chain and in compartment 21. If TTG is the residence time of TG in compartment 21, and if P21 is the fraction of VLDL-TG diverted to that compartment, then (4) (TTG/TTG -1)P,, is thuis a correction term for the residence time of plasmla VLDL-TG whein a fraction, P21, of the labeled TG contributes to the tail of the VLDL-TG curve in the form of compaitment 21. 4Residence tim11e as used here equals the reciprocal of the FCR. Usually,5 T2GI/TcG 10, and therefore the correction factor is very sensitive to the value of P21.
The plasma glycerol to plasma VLDL-TG conversion subsystem is a modification of the one proposed by Shames et al. (1) for FFA. It consists of a fast pathway ( Fig. 2 , through delay component 10 and compartment 14) and a slow pathway (through compartment 24). Channeling of isotope through the former fits the rapid initial rise in VLDL-TG activity (after a short delay); channeling through the latter fits the final slope of the VLDL-TG curve. There are equivalent ways of modeling this subsystem that cannot be distinguished kinetically. For example, compartment 24 (the slow pathway compartment) could be introduced as a compartment in exchange with compartment 14 (the fast pathway compartment). Alternatively, compartment 24 could be fed from plasma glycerol, as shown in Fig. 2 , but release its material into compartment 14 rather than into plasma VLDL-TG. A variant of this has been suggested by Nikkila and Kekki (25) . The important point is that these alternatives neither alter the fit of the experimental data nor the calculated fractional or absolute catabolic rates for VLDL-TG.
In a number of our studies a "hump" in the VLDL-TG activity curve appears between 12 and 30 h (Fig. 3) . The model proposed does not account for this hump. The hump has previously been noticed by Nikkila and Kekki (5) in studies on normal adults, and they proposed that recirculation from liver glycogen may be the source. This, however cannot be an adequate explanation because the hump is also present in studies with 3H-labeled glycerol which would lose its 3H label in the glycogen pathway. The same argument would also apply against recycling through ' The value of TTG is given by Eq. 3 and the value for the glucose pathway. Because various recycling or delay pathways, such as through phospholipid pools, could be proposed to account for the hump, and our data are not sufficient to differentiate between them, no effort is made to fit it at this time. Because the hump represents at most 5% of the area under the VLDL-TG activity curve, its neglect in modeling the data introduces an error of <5% in the calculation of synthesis rates or FCRs. It is of interest to note that a hump is probably also present in VLDL-TG curves labeled in the fatty acid moiety (Fig. 4 in [26] ). The model shown in Fig. 2 contains too many parameters to allow a determination of all their values with confidence from a single set of VLDL-TG kinetic data and so an additional assumption was necessary. The rate constants for the glycerol subsystem (L54, L4,5, and L4,4) were set equal to those determined by Malmendier et al. (18) for normals. This assumption did not impose constraints on the fractions of glycerol that entered the fast and slow conversion pathways. P21, the fraction of VLDL-TG converted to the slowly decaying VLDL-TG population represented by compartment 21, could not be determined with confidence. Other data, however, such as cholesterol:TG ratios, permit independent estimations of its value for individuals and for populations. These will be considered more fully later.
The sensitivity of calculated model parameter values to the assumptions introduced for the model are discussed in the next section.
Sensitivity testing. To what extent would the calculated values of model parameters be altered if one of the assumptions upon which the model is based were changed in a particular way? Similarly, how critical are the parameter values to changes in shapes of the kinetic curves? Fig. 4 contains simulated curves to demonstrate the effect of glycerol recycling (i.e., reuse of labeled glycerol released during breakdown of VLDL-TG) on the VLDL kinetics. As can be seen, the VLDL-TG curve is relatively insensitive to recycling. This insensitivity is due predominantly because <10% of plasma glycerol is used for the synthesis of VLDL-TG (compared to =35% for FFA [1] ). Thus, results for VLDL-TG transport would be changed little if at all by assuming that all of the glycerol leaving VLDL-TG were to enter adipose tissue and other peripheral tissues rather than being reused. It also shows that the slow component in VLDL-TG radioactivity cannot be generated by such a recycling path.
To test the effects of a delipidation chain vs. a single compartment VLDL subsystem the two cases were simulated. Fig. 3 shows that the only region where the two are clearly distinguishable is at the peak.
The sensitivity of model parameter and function values to changes in the values of other parameters in the model was tested by calculating corresponding partial derivatives (27) . The results are expressed as ratios of fractional changes and are given as sensitivities in Table I . Sensitivity, then, reflects the percentage of change in one parameter as the result of a 1% change in some other parameter. In Figs. 1 and 6 . The approach is discussed in (27) . Sensitivity = (percentage of change in paraimeter value/percentage of change in perturbed parameters).
§ The parameters perturbed (one at a time) were: column 4: FCR of plasma glycerol (h-1); column 5: Fraction of VLDL-TG shunted into slowvly-metabolized VLDL (compartment 21); column 6: Activity of VLDL-TG in the late part of the curve relative to that at the peak; column 7: Slope of the late part of the curve (h-'); column 8: Slope of the early fast decaying part of the curve (h-'); column 9: Time after injection at which the inflection point in decay curve occurs.
"IRT, VLDL = 1 RTG; i = 1, 6, 7, and 8.
calculating sensitivities, the curve in Fig. 1 and the parameters related to it were used as a base of reference. Thus, for example if the FCR for free glycerol, FCRgiy, were to be increased by 1% an(d the data for Fig. 1 refitted subject to this constraint, the calculated TG transport would only be changed by 0.18% (Table  I, 
column 4, line 1).
A similar procedure was followed for determining the sensitivities of calculated paraimeters to changes in the shape of the experimental curve (27) . A given change was introduced in the curve and the model parameters were allowed to readjust to fit the new curve. The changes introduced into the curve of Fig.   1 FIGURE 5 The tracer curve of Fig. 1 separated into an early portion (A) and a late portion (B). The dashed curves represent 10% changes in: the magnitude of the tail, the late slope, the early slope, and the time at which the inflection point occurs. The parameter values for the solid and dashed line solutions were used to calculate the sensitivities shown in Table III ( the curves. This response could be simulated with compartmental models in a number of ways which implied various physiological interpretations. Unfortunately, the value calculated for VLDL-TG synthesis greatly depends on the model chosen. It is therefore essential that the correct mechanisms for the generation of the tail of the curve be known. We present here a series of arguments for the existence of a slow pathway for conversion of plasma glycerol to VLDL-TG which is a major contributor to the tail seen in most of our VLDL-TG tracer curves. There may be exceptions, however, particularly for patients with relatively large amounts of slowly turning-over VLDL (,B-VLDL), or for subjects in which the tail of the VLDL tracer curve is very small. Although it is fully appreciated that a model is only one hypothesis and that many models may be proposed to explain data, we feel that the weight of the evidence makes the conclusions about the major metabolic features independent ofthe models proposed. A more complete validation of the proposed pathways must come, as always, from additional direct experimental evidence. In general, the following are potential contributors to a slow decaying tail of the VLDL-TG activity curve:
Exchanges of VLDL with extra-plasma spaces, or of TG with non-VLDL lipoproteins in plasma. The strongest argument against these mechanisms being responsible for most of the tail comes from the doubly labeled experiments in these studies. These subjects received both '4Cand 3H-labeled glycerol and, on the average, the 3H-labeled glycerol precursors produced VLDL-TG tails about one-third as large as those produced by "4C-labeled glycerol, whereas the magnitude of the initial peaks were comparable (Fig. 6 ). If the tails were largely due to a VLDL-TG exchange processes there is no reasonable explanation for the discrimination between 14C and 3H.
An argument against exchange of plasma VLDL with extravascular VLDL can be made from the published data of Phair et al. (10) who studied the decay of exogenously labeled VLDL-apoB in man. Although the decay curve exhibited a tail, these workers excluded an exchange process mainly because radioactivity in the tail could not serve as a precursor for intermediate density lipoprotein (IDL)-apoB as could that in the early part of the curve. Reardon et al. (11) have also noted a slow component from exogenously labeled VLDL-apoB. They suggested that a two-compartment exchange model could account for this, but they did not claim it was the only explanation. From the work of Phair et al. (10) we suggest that two metabolically distinct, intravascular moieties of VLDL more likely explain their data. It should be pointed out that the tail on the VLDL-apoB curve caused by the slowly turning-over moiety in exogenously labeled VLDL is much larger than would be produced by endogenous labeling. This is because even a small pathway for generation of such a moiety with a slow removal produces a rather large steady-state mass (24) ; the external labeling of this mass and its reinjection thus accentuates the size of the tail. When VLDL-apoB is labeled endogenously the size of the tail due to the slow removal pathway is much smaller (30) . Direct evidence for low concentrations of VLDL in extravascular spaces is contained in the studies of Reichl et al. (15, 31, 32) who found little or no VLDL in human peripheral lymph. In our laboratory,6 studies have been carried out on pleural transudates from eight patients, and we found essentially no VLDL despite the presence of low density lipoprotein (LDL) and high density lipoprotein (HDL) at levels of_25% of their plasma concentrations. Therefore, it seems 6 Unpublished observations. unlikely that a significanit portion of the tail could be explained by exchange vith extravascular VLDL. Independent exchanige of TG between VLDL and other plasmna lipoproteins could add to the tail of the VLDL-TG curve. The possibility for such exchange has been demoinstrated by in vitro studies oIn rabbit plasma by Havel et al. (33) . If such an exchainge were to take place in man, LDL-TG, because of its greater mass compared to HDL-TG, would be the more likely candidate. However, certain considerations suggest that exchange betweeni labeled VLDL-TG and LDL-TG probably dloes not contribute significantly to the tail of the VLDL-TG activity curve. For instance, Havel et al. (33) founid in rabbits that in vivo exchange of TG between VLDL and LDL was only about 20-25% of the trainsfer noted in vitro. Furthermnore, Malmendier and Berman (34) found that over 80% of TG that is transferred to LDL during degradation of VLDL is rapidly hydrolyzed with recovery of labeled FFA in plasmiia. Thus <20% of LDL-TG derived from VLDL-TG would be available for transfer back into VLDL, and with the much larger pool of VLDL-TG, such exchange could have only a small effect on the size of the VLDL-TG tail.
A slowc componenit in the decay of the precursor, in this case, glycerol. The glycerol subsystem used in this model is that proposed by Malmendier et al. (18) which has been shown not to containi any significant slow comiiponent. The recycling of glycerol from VLDL-TG is already contained in the model, but in contrast to what has been observed for labeled fatty acids (1, 8) , it only accounts for a small fraction of the VLDL-TG tail, as discussed above and shown in Fig. 4 .
Contamination of the VLDLfraction with a slowly metabolized plasma lipoprotein of higher density, such as LDL. Although a small contribution from such contamination cannot be excluded, it cannot be large enough to account for the very large slow components seen in many of our subjects, especially because only a small fractioni of the labeled TG is found in LDL (34) .
A slowvly metabolized species of VLDL, such as that found in protein-labeling studies of patients twith dysbetalipoproteinemia (Type III phenotype) atid modeled previously as conipartment 21 (VLDL2d (3, 10) . For instance, Quarfordt et al. (35) presented evidence that most of the tail of radiolabeled TG in patients with Type III hyperlipoproteinemia is due to p-mobility VLDL. The FCR of VLDL-apoB in compartment 21, which probably corresponds to that of,B-VLDL, is in fact similar to the slope of the tail of the VLDL-TG curve, and hence this theoretically could account for the latter. However, we put forth the following three arguments against such an explanation Veriy Low Density Lipoprotein Triglyceride Synthesis and Metabolism in normal subjects and in most of the hyperlipidemic patients presented in this study.
First, in the study of Berman et al. (3) patients with Type III hyperlipoproteinemia had a much larger tail, or slow component, than did other types of patients (normal and Types I, II, and IV). In the latter patients, the slow component was usually <5% of the peak of the curve which was presumably due to a paucity of ,8-VLDL in these patients. Even this small component would have been accentuated by external labeling of VLDL-apoB as noted above. A similar small tail was also observed by Reardon et al. (11) in their study of patients with the Type IV phenotype. In this study, our patients were either normolipidemic or Type IV, and therefore should have shown similar curves for VLDL-apoB as the patients of Berman et al. (3) and Reardon et al. (11) . The size of these tails should be even smaller for VLDL-TG. This is in contrast to the magnitude of the tail (frequently 30-50% of the peak of the curve) actually seen for VLDL-TG in our studies.
Second, if VLDL21 were to account for the tail, its turnover rate would have to equal the slope of the tail. This rate constant is about one-tenth that of VLDL-TG in the chain. Thus, any labeled VLDL-TG diverted to compartment 21 would generate, in the steady state, a mass at least 10 times greater than that it would generate if metabolized along the regular VLDL-TG delipidation chain (Eq. 4). In our studies the magnitude of the tail averages -_20% of the peak value. This would require a diversion of _20% of the labeled TG to compartment 21. Such a diversion generates at steady state a mass of TG in compartment 21 (M21 that is 50-70% of the total VLDL-TG mass (MVDL). This is nearly twice the mass observed for TG in ,8-mobility VLDL even in patients with type III phenotypic patterns. We can therefore be reasonably confident that in normal subjects and in most subjects with Type IV patterns the VLDL21 compartment is not large enough to account for the magnitude of the tail.
A third argument can be made by considering cholesterol:triglyceride ratios for f3-VLDL and VLDL froti norrhals. The cholesterol:triglycerides ratio (CH/TG) for VLDL in normals is 0.18±0.05 SD (C36), and for ,8-mobility VLDL is _0.83 (37, 38) . For any mixture of these two, involving a fraction (a) of (8-VLDL and fraction (1 -a) of VLDL from normals, the CH/TG ratio is given by:
Eq. 6 is plotted as a straight line in Fig. 7 with a on the left ordinate. The straight line also gives the relation between CH/TG and P21 through the right ordinate for the representative case. A value of CH/TG = 0.41 is found in populations with broad ,8-disease (36, 37) and is higher than that observed in all our subjects. Moreover, even for a CH/TG ratio of 0.41 only 5.1% of the VLDL-TG is diverted to compartment 21 to form the tail of the curve (Fig. 7) . This is much lower than the magnitude of the tail seen in most of our curves.
A slowly turning-over component in the conversion pathway of plasma glycerol to plasma VLDL-TG. Although the multiple factors discussed above could each play a small role in formation of the tail, they seem inadequate to account for its large size in many of our patients. However, direct evidence in support of a slow component in the conversion path comes from double labeling experiments. As pointed out above, for each individual the slow component of the VLDL-TG activity curve was always lower for [2-3H]glycerol compared to [1,3-14C] glycerol, but there was no significant change in the faster component of the curve (Fig. 6 ). It is most unlikely that there would be any discrimination between 14C-and 3Hlabeled TG once a VLDL particle is secreted into the plasma. Such discrimination, however, can readily occur in the initial glycerol metabolic pathways (29) . When [2-3H] glycerol is converted to gluconeogenic precursors via dihydroxyacetone phosphate, the 3H is lost. Only material transformed directly to a- glycerol phosphate for TG synithesis retains the 3H. In contrast, [1,3-14C] glycerol could be tranisformed to gluconeogenic precursors and still retain its lal)el. If there were onlv a sinigle rapid synthesis pathway, a preferential loss of 3H in it would result in a proportional decrease of the entire VLDL-TG curve, which is contrary to the observed respoinses as shown in Fig. 6 . Two labels cani generate different VLDL-TG curves because of differences in the catabolismn of the labeled TG, or differences in the secretion of VLDL-TG into the plasmiia. In the first case there would usually be a difference in the FCR and hence in the calculated total VLDL-TG transport rates. In the second case the FCR and, hence, total transport rate would have the same values for both tracers, which implies that a change in the area under the VLDL-TG curve is accompanied by a correspondinig proportional change in the total plasma glycerol label that is incorporated into VLDL-TG. The joint 14C and 3H studies were fitted under the assumnption that once in plasma, labeled VLDL-TG is catabolized the samiie way for both labels.
The "slow" and "fast" pathways are derived strictly for glycerol which originated in the plasma comiipartment. The partitioning of input from other precursors of glycerol (UTG) cannot be assessed but has Ino influence on calculating VLDL-TG FCR and synthesis. The existence of the slow pathway, however, has definite implicatioins for the interpretation of the kinetic curves based on plasma glycerol and FFA precursors in that it affects the proposed model for the VLDL-TG subsystem and the calculated values of VLDL-TG FCR and synthesis rate.
When any part of the tail of the labeled VLDL-TG curve can be attributed to a slowly metabolizing VLDL (VLDL21), there will be a corresponding decrease in the calculated VLDL-TG FCR and synthesis rate. Hence, when P21 is zero the calculated values represent maximal estimates. A correction of FCRTG (1 = 1/TTG) when P21 is not zero can be made using Eq. 4; and an estimate for the value of P21 can be made using the CH/TG ratio as given by Eq. 7 or using Fig. 7 .
It is interesting to note that the presence of a slow conversion pathway can also be inferred from the results of Havel and Kane (26) . They reported studies on four subjects to whom both labeled FFA and endogeneously labeled VLDL-TG (obtained from two donors) were administered. The kinetics of labeled plasma VLDL-TG were followed for 24 h. In all their studies the tails of the VLDL-TG curves were considerably higher for the FFA label than for the VLDL-TG label. This could only be explained by a contribution generated by the FFA precursor: either a slow component in the plasma or in the conversion pathway to VLDL-TG. An argument against the former has been advanced by Shames et al. (1) , on the basis that s;uch a comiiponenit would re(quire a nonplasma FFA source for TG. Somne (lirect support for the stepwise delipidlation model with newvly synthesized VLDL-TG entering the first stage comiies from recenit sttudies of Streja et al. (39) an(d Steinier aindl Streja (23) . They separated plasmaii VLDL-TG into three density fractions and determiiined the specific activities of each fraction as a ftunetion of time after the addministrationi of radiolabeled glycerol. WVe anialyzedl both sets of data for two patients (BAI. and B.V.) using a three stage moldel as imnplied by them, with naseent VLDL-TG free to eniter into each of the fractions. The results of this analy,sis showedl that abouit two-thirds of the newly svnthesized VLDL-TG entered the lightest fraction, with most of the remainder entering the middle fraction. Only about 5% entered the heaviest fraction. The turnover rate for each fraction was found to be the siame. We also fitted the suum of their data for the three fractions using our model and found that the FCR calculated was nearly the saime as the one calculatedl using the three stage model (B.V. 0.18/h vs. 0.20/h acndl BA.L 0.24/h vs. 0.22/h).
The physiological site or sites of the model VLDL-TG synthesis pathways remain unknown; however, the calculated size of the slow compartment for our normals is 750 mg, well within the values for liver TG concentration.
It has been the practice in the past to determine the FCR of VLDL-TG by using the slope of the fast decaying portion of the activity curve, (Fig. 1 II). Fig. 8 illustrates three activity curves with values for the fast slopes (b11), the slow slopes (b111), and our model-determined FCRs. As can be seen, the fast decay slopes, bll, can differ significantly from the true FCR values. It is clear from our model development that when labeled glycerol is used as a precursor to determine VLDL-TG turnover and synthesis rates it is necessary to take into consideration the details of the kinetic behavior of the synthesis pathways as well as the metabolic pathways of plasma VLDL-TG.
